INTRODUCTION
The desired properties of thermostructural non-oxide composite materials include some combinations of several properties like lightness, high mechanical resistance and toughness, oxidation resistance under thermal cycling conditions in ambient air or reduced pressure of molecular or atomic oxygen, resistance to degradation by moisture, resistance to erosion, and reusability. To reach these objectives, important studies concern the improvement of the ceramic fibers properties at high temperature [1, 2] . On the other hand, many other studies have revealed the basic importance of the fiber/matrix bonding on the composite behavior. This bonding must be weak enough to allow crack deflection along the interface and strong enough to retain load transfer from matrix to fiber [3] [4] [5] . An additional coating, the interphase, is often intentionally inserted between the fiber and the matrix to reach this goal [6, 7] , However, one important problem is to preserve the fibers and matrix integrity and to maintain the properties of cracks deviation and load transfer at the fiber/matrix interface, especially in oxidative environments, so as to retain the mechanical properties of the composite.
In this paper, different possibilities to progress in that way, that is to reduce the oxidation penetration in the parts or to improve the oxidation resistance at the fiber/matrix interface will be Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1995588 JOURNAL D E PHYSIQUE I V examined. They include the use of protective external coatings, the development of new matrices or more oxidation resistant interphases. Each component of the composite will be examined successively. It appears that they are often composed of silicon and boron compounds, but more complex ternary or quaternary systems that include these two elements or multilayered materials are developing. All these systems lead to some limitations of particular deposition or infiltration processes from the gas phase that will be pointed out in view to some examples taken from the literature or which come from our collaboration with the Societe Europeenne de Propulsion (SEP). Some results on the improvement of the final properties of different composites are also reported.
OXIDATION-RESISTANT EXTERNAL COATINGS
An extensive literature review of the protection against oxidation of any oxidizible composite component by an external coating is far beyond the scope of this paper. Surface coatings have been first especially studied to protect carbon/carbon composites. These C/C materials can be manufactured in a wide variety of structures and their properties are often anisotropic, especially their coefficients of thermal expansion (CTE). If a graphite grade with a CTE similar to a protective coating like Sic can be chosen [8] , on the other hand it is more difficult to avoid any CTE mismatch with a C/C composite and microcracks generally occur in the coating. Microcracks in the matrix are also produced in ceramic matrix composites (CMC) as a result of different CTE between the fibers and the matrix and these materials generally present also anisotropic properties. If they contain some oxidizible material, any damage is produced because of the oxygen difision through microcracks. Even if some closure of these cracks can occur as a function of temperature by formation of an oxide, others can be produced by stresses in the actual conditions of use. Single-layer coatings have been used first to try to overcome these problems.
Single-layer coatings
For example silicon carbide and nitride coatings have been extensively studied because the oxygen diffusion through solid silica formed at high temperature is relatively slow when compared to other oxides. However at very high temperature (>1600°C) or medium temperatures and low oxygen partial pressures, a silica layer does not protect anymore because of either direct active oxidation (Sic + O2 + SiO + CO), or by reaction between silica and silicon carbide or nitride (Sic + 2 SiOz + 3 SiO + CO).
The actual applications domains of CMC are at lower temperature and a rapid rate of oxidation will proceed only if cracks do occur in these single-layer coatings as shown in figure 1 (sample No 207) where a cyclic oxidation test was applied to a Sic-coated C/C composite.
Single-layer coatings can be composite materials composed of several compounds. For example, ternary (B+Si)N coatings were deposited very recently from BCI;-SiHC1;-NH;-H2 mixtures [9] . As shown in figure 2 (from [9] ), variation in the composition of the coating allowed to change its thermal expansion and to minimize the mismatch with the C/C composite. Coatings with 2-35 wt% Si content were crack-free and they remained well bonded to the substrates. However the rates of oxidative weight loss of the coating, that decreased with increasing Si content, increased with time and the coating composition varied through vaporization of B203 from borosilicate glass. Blisters were accordingly observed at the surface after oxidation 191. If boron oxide is an attractive compound for protection against oxidation because of its good wetting property and its low viscosity which allow the formation of thin protective glass films, the main limitations indeed arise from its vaporization at high temperature, from its flow under the influence of gravity or ablation, and its moisture sensitivity [10, 11] . These problems are encountered when an outer borosilicate glass or a glass-former is employed as a sealant material at the surface.
A single-layer coating cannot be sufficiently eficient, especially under cyclic oxidation and/or to protect strengthened materials. Many [19] , AIN+BN [20] , ZrC+BN [21] , TiB2+TiC [22] . However few of them have been developed as protective coatings for composites and used in a multilayer concept. (B+Si)N coatings (from [9] ).
Multilayer coatings
The best protection can indeed be obtained by associating different but complementary ceramics that must take advantage of each layer while limiting its drawbacks. As seen previously, an outer borosilicate glass former will be rapidly oxidized at high temperature and the glass will be volatilized or will tend to flow under the influence of gravity or ablation. An internal position of the glass former would permit to restrict its formation within the cracks of the coating just where it is necessary. However it remains a possibility of direct contact between the glass and the matrix. In case of a CIC composite it is interesting to insulate the substrate from the glass former and therefore to avoid the chemical reduction of the glass by carbon. For these reasons we have developed trilayer coatings conlposed of an internal Sic layer that is stable with respect to carbon, an intermediate B or BLC layer as a sealant glass former and an external Sic one, the oxidation kinetics of which is low in most conditions. 
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JOURNAL DE PHYSIQUE I V All these layers were deposited by CVD [23, 24] in conditions which are relatively classical from methyltrichlorosilane (MTS)+H2 and BClj+H2(+CH4). Figure 3 shows that such a multilayer coating deposited on a C/C composite can be efficient in a large range of temperature, even here for cyclic oxidation, or under flexural loading [23] . One can note already here that thick coatings were employed. A good protection is also obtained with this coating type on C/SiC composites [24] . A vitreous phase appears clearly in the cracks that were opened again when returning down to ambient temperature, either in the middle or on one side of the glass layer ( fig. 4) . At high temperature the composition of this glass could be self-adjusted by the volatilization of B2O3. The possibility of a subsequent sensitivity to moisture could not be avoided and a direct borosilicate glass former was studied, from the Si-B-C-H-CI CVD system. The combination of the Si-B-C elements in one material appeared indeed promising if an accurate control of the composition could be obtained.
CVD study andprotective coatings based on Si-B-C .
A thermodynamic approach was first undertaken to predict the composition of the Si-B-C-H-Cl system at equilibrium, and to determine the most interesting domain of the experimental parameters, especially the inlet composition 1251. A relatively high temperature of 1127°C was chosen to minimize the amount of departure from equilibrium at the gas-solid interface. Figure 5 presents the deposition diagram as a hnction of the inlet concentrations MTS, BC13 and H2 at T = 1127OC and P = 40 kPa (300 Torr). The nature of the deposits is changed through the following ratios:
where [XI, represents the initial mole number of X species. The equilibrium yields 10 of the different gaseous and solid species were also obtained. They allow especially to calculate the solid composition at equilibrium that will be compared to the experimental results. For protection from 1 oxidation, it is advisable to obtain deposits having no free carbon. Boron and silicon carbides are the most worthwhile phases because they should be deposited in a large and B = 0.6-8 range.
High temperatures are known to favor the control by mass transport that is the rate-limiting step, but a classical direct comparison of the global thermodynamic calculations and experiments were made using this approach. First the influence of mass transfer on a local thermochemical equilibrium was neglected at the gas-solid interface where the material balance is changed by the element segregation transport phenomena [26, 27] or by the well-known reactant consumption and product formation at downstream positions inside the reactor, especially here in a hot-wall one. The experimental chemical compositions were measured at the bottom of the samples (the gas flow direction was upwards), at a short distance (about 3 mm) from the lower edge, in order to minimize the reactant depletion and maintain the overall a and I3 ratios as close as possible to the inlet ones. The curves in continuous lines represent the calculated compositions while the dashed lines, the experimental ones ( fig. 6 ). The experimental and the thermodynamic values vary in the same way, but the incorporation of boron into the deposits was always greater than the predictions while the carbon incorporation was lower [28] . This discrepancy between the global equilibrium predictions and the experimental results may be due to the influence of fluid mechanical and chemical kinetics effects. It is well known that the departure from equilibrium at the gas solid interface of a CVD system increases when the temperature decreases and the mass flow rate increases. Figure 7 compares the experimental results to the global thermodynamic predictions, at a temperature of 927°C. A great departure from equilibrium was evidenced when the temperature decreased, showing especially a lack of carbon deposition, a well-known phenomenon in carbide deposition systems where free element incorporation is favored in comparison to carbide formation.
When the supersaturation varies, it influences both the thickness and composition in a multicomponent system, hence their uniformity along the surface. This evolution was observed for the codeposition of these three elements [29] . The influence of mass transport, consumption of reactants and product formation at downstream positions has been studied in the same deposition conditions as those reported in figure 6 . Neither the thickness nor the chemical composition was uniform for these deposition conditions at high temperature and consequently high rates ( fig. 8) . At lower temperatures and higher mass flow rates, clearly the deposition is more controlled by the surface kinetics and uniform thickness and composition are favored as shown in figure 9 that presents, for a temperature of 927"C, the variations of the deposition rate and the solid composition as a function of the B ratio and the position on the sample (h in mm is the distance from the lower edge). However, in such a ternary system, the amount of departure from equilibrium may vary as a function of the inlet composition since different kinetic limitations can arise, especially here as a function of the relative concentration of the boron and silicon precursors. For example, from figure 9, it is clear that a higher amount of hydrocarbon species should be employed to deposit C-rich coatings while a lower temperature should be necessary to deposit uniform Si-rich layers. Figure 1 compares the results of cyclic oxidation tests carried out on 3D CIC at 1500°C (samples were put inside and taken out a firnace in about 30s for 6 cycles of one hour followed by 4 cycles of 6 hours) with the previous results obtained with the single-layer Si-B-C coating with a low boron content (10 at% B) and the Sic layer. Better results were obtained with a multilayer coating that include an intermediate Si-B-C layer which contains more boron (30% Si -40% B -30% C), and an intrinsically more resistant pure Sic external layer. Such multilayer coatings can operate in a large range of temperature if the boron content is sufficiently high to allow sealing of the cracks by internal glass formation while retaining the intrinsic oxidation resistance of the external Sic layer. Thick Sic inner and outer layers might limit the interaction with the substrate and the volatilization of boron oxide respectively. 
Remarks on the CVD process
Regarding the CVD process itself, it may be noted first that all multilayer coatings cannot be easily deposited because of possible extensive initial interaction between a layer and the gaseous phase employed to deposit the next one. For example, the deposition of BN from BC13-NH3-H2 mixtures is difficult on ZrC owing to the important formation of zirconium chlorides in classical conditions of deposition [3 11.
On the other hand, it has been shown previously that fairly uniform coatings were obtained on small substrates at relatively high deposition rates (several microns per hour) that could not be reached in a large scale hot-wall reactor without paying careful attention to the fluid flow dynamics as already shown by many authors, even in binary systems, for example in experimental Sic deposition [32, 33] . A particular care would be necessary especially because thick coatings are required to improve the protection.
The influence of the total pressure is well known to increase the surface kinetic control of the deposition process. This point is interesting for depositing coating in industrial reactors, except that longer deposition times could be necessary. It is especially important to extend the deposition process to isothermal chemical vapor infiltration (ICVI).
SELF-PROTECTIVE MATRICES
The protection by an external coating is inadequate for applications where some damage can arise by mechanical impact. For that reason, various glass formers have been added first to the carbon matrix of C/C composites in order to fill in the cracks. Boron and silicon compounds, mainly B, B4C, ZrB2, AIB12, SiB14, ZrB2+Si, Sic, were generally added to the carbon matrix by various methods, generally from liquid or solid phases. However, this protection is poor and can only be employed in addition to an external one (see review [8] ).
Non-oxide ceramic matrices that increase the oxidation resistance of the composites have been studied for many years since the pioneering works of European groups [34-391. With regard to the deposition processes, efforts were concentrated first on the isothermal chemical vapor infiltration (ICVI) of Sic and to a lesser extent of Si3N4. The feasibility of the CVI process of other compounds like B4C, BN, ZrB2, Tic has also been established [39] . Many studies were devoted to the understanding and the optimization of the infiltration processes based first on the modeling of the deposit thickness profile along a single pore [40- 421. More recent models allow one better to predict tendencies for the influence of important parameters on the CVI processes [43-543. They have used representations of the complex fiber architecture and expressions for mass and heat transfer (in non-isothermal systems) coupled to chemical kinetics. However an accurate modeling of the CVI processes remains a difficult task, because the influence of local gaseous partial pressures of both reactants and products should be generally employed in the expression of the surface kinetics, some homogeneous chemical reactions can occur, and the problem depends on the type and the amount of porous preform set in a given deposition zone, finally the pore size distribution changes with time.
It is not yet in the scope of this paper to review the literature on the chemical vapor infiltration processes extensively. Only the limitations of single-compound matrices employed in oxidizing environments will be examined and some progress offered by more complex matrices indicated. Then the CVI techniques will be regarded as a function of their ability to permit the infiltration of such matrices.
Non-oxide ceramic matrices in oxidizing environments
The oxidation kinetics of various ceramic matrix composites has been reported, especially the most common C/SiC and SiCISiC that represent potential candidates for use at high temperature. For example, the oxidation kinetics of Sic-coated 2D CISiC composites with a pyrocarbon interphase has been C5-742 JOURNAL DE PHYSIQUE IV extensively studied [55, 56] . In that case, matrix microcracking already occurs from the CTE mismatch between the fibers and the matrix as shown schematically in figure 11 (from [56] ). The experimental mass variations of these C/SiC materials as a fbnction of temperature are given in figure 12 (from [56] ). The authors concluded that different processes arose as a fbnction of temperature : -at moderate temperature the carbonloxygen surface reaction controls the oxidation kinetics ; -at intermediate temperature (800-1 100°C), the rate limiting step is the gaseous diffusion through microcracks ; -finally as the temperature rises the oxygen diffusion decreases with growth of the silica layer. The oxidation kinetics is reduced with a thicker S i c coating that minimizes the oxygen flux. On the contrary, an applied tensile stress opens the microcracks and decreases the sealing effect which therefore only appears at higher temperatures [56] . It can be noted that these C/SiC materials can sustain high temperatures because of the mechanical properties of the carbon fibers, and lifetime is fbnction of the carbon consumption. SiC(O)/C/SiC materials, composed of Si-C-(0) fibers such as '~i c a l o n~~, a pyrocarbon interphase and a silicon carbide matrix (designated as SiC/C/SiC in the following) can be used at lower temperatures, up to about 1200°C where the strength of Nicalon fibers decreases. The reactivity of uncoated composites after machining was studied in oxygen, in the 900-1200°C range [57] . Only the highest temperature permits the sealing of the interfacial cavities left after partial gaseification of the pyrocarbon interphase. Protection of the fibers tips by an outer S i c layer would be effective for such test as these materials do not present microcracks. However many potential applications for these composites will involve creep loading that may be tensile, flexural or compressive in nature. Under such actual conditions of use, matrix cracks will be initiated again for a threshold stress [58].
More complex matrices have been elaborated tentatively to overcome this problem. Their manufacturing is often complicated, as it combines different types of processes (for example infiltration by slurry and CVI) to enrich the matrix in glass-former elements like boron 159-611.
As shown in the previous section on the external coating, the manufacture of a composite or multilayered material can be better monitored by deposition from the gaseous phase. The ternary SiBC coating was chosen as one layer and could be associated with Sic to produce a self-protecting matrix in a large temperature range, especially at lower temperature than pure Sic. The process for the manufacture of a refractory composite material with a SiBC matrix type has been patented by SEP [62] . Such a SiC/C/(SiC+SiBC) composite material with a pyrocarbon interphase was tested at room temperature or at 850°C, in air, under creep (using the four-point bending fixture) at different stresses ranging from 150 to 200 MPa. Table I reports the results of these tests. They are compared with those obtained on samples made of a classical SiC/C/SiC composite. The sustain flexing strain exerted on the composite material led ' Nicalonm : Nippon Carbon, Japan to important microcracking of the matrix. Table I shows the important improvement of the protective effect due to the SiBC addition to the matrix.through SiBCISiC sequences. 
Remarks on the infiltration processes
The general classes of CVI techniques are well known [63] . The isothermal-isobaric (ICVI) technique was developed at first, both on a laboratory scale and then on a commercial basis. The process involves the diffusion of the reactants and gaseous products within the porous preform. An appropriate deposit uniformity inside the preform is obtained by a carehl deposition rate control at reduced pressure and sufficiently low temperature to limit the chemical kinetics more than the diffusion. The process time must be ajusted to limit the sealing of the pore entrance. However the ICVI permits to use various preform geometries in large scale reactors, and different deposition conditions to fill the fine porosity within the bundles and to infiltrate the coarser ones between them.
Stress to rupture at room temperature (four-point bending test) 420 MPa 420 MPa 420 MPa 300 MPa
The isobaric-thermal gradient process allows to avoid any sealing of the entrance of the pores. However it is still a process where the transfer depends on diffusion only. A temperature profile that favor the << inside-out u densification of the composite without residual accessible porosity can be produced by volume heating of the preform by microwave or radio frequency induction [54] . The other important class of processes are based on forced flow. Isothermal processing is essentially interesting to coat tows or 2D single-cloth at high rates, in conditions that do not depart very much from CVD. The forced flow-thermal gradient (FCVI) technique developed at the Oak Ridge National Laboratories permits to increase considerably the densification rate of thick parts [64, 65] . It is however more restricted to individual parts and simple shapes than the ICVI processes, especially because each preform geometry necessitate an appropriate tool to force reactants to flow through the preform.
The pulsed-flow technique (PCVI) utilizes multiple sequences of introduction of reactants and evacuation of the reactor. This process allows to transport the reactant species into the preform and to evacuate the gaseous products rapidly [66-681. An improvement of the infiltration rate is questionable, but this process permits to modify the gas phase composition through homogeneous chemical reactions by the control of the residence time from the pulse monitoring. The deposit structure can then be optimized as shown for pyrocarbon 1681. It is noteworthy also that PCVI is an isothermal process.
All CVI processes that employ a thermal gradient have been used to infiltrate matrices with binary compounds like Sic where the deposition conditions of a stoichiometric compound are not too critical. As shown in section 2.2 on SiBC, the deposition of a ternary coating of desired composition is somewhat more difficult to control. Especially a uniform composition could not be generally obtained in a temperature gradient. Moreover in any case, the thermal gradient-based processes do not permit obviously 
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to infiltrate the whole preform at fairly uniform rate. A multilayered material therefore cannot be manufactured by FCVI. For all these reasons, only the ICVI and PCVI processes can be used to infiltrate the preform with complex improved matrices. This remark is also valid for coating all fibers of the preform with an interphase of uniform thickness and composition by an infiltration process.
IMPROVED INTERPHASES
The best mechanical behaviour of ceramic matrix composites at room temperature has been mainly obtained with a pyrocarbon interphase, but the efficiency of these carbon interlayers is limited at high temperature to non-oxidizing environments. When a crack propagates through the matrix till the interphase, the carbon interphase is obviously oxidized in air ; the result is either a detachment at its interface with the fiber, and/or the formation of a glassy oxide layer that bonds strongly the fiber to the interphase [ 1. In anyway, bonding at this interface will be too weak or too tight leading in both cases to inadequate thermomechanical properties of the composite.
Modified pyrocarbon interphases
Efforts have been made to improve the oxidation resistance of the carbon interphase. Multilayered CISiC interphases that permit more crack deflections [69] have been developed but, today they might just rather delay the access of oxygen to the fiberlinterphase interface and so the oxidation at high temperature. In other studies, the oxidation resistance of the pyrocarbon interphase is improved by some change of its composition as in boron-doped pyrocarbon [70] or in compositional gradient (CG) layer in which the composition varies continuously from C (at the fiber interface) to Sic (at the matrix interface) [71] . These CG layers were deposited by ICVI, at 770°C and 6 Torr, from tetraethylsilane and the addition of cumene, iPrC&15 that permitted a C-enrichment [72] . Figure 13 (from [71] ) shows that this interphase allows to preserve the mechanical properties after aging in air at 1300°C. However no oxidation test was carried out in air at a significant stress level. 
Boron nitride interphases
On the other hand, boron nitride has been proposed as an alternative because of its graphite-like structure and its better resistance toward oxidation [73, 74] . Particular attention has been heeded to the interfacial zones in terms of chemistry and microstructure [7, 75] . These studies revealed that when Sic fibers, as NicalonTM or ZTyrannoTM, are coated with BN, many interfacial C and/or SiO2-rich sublayers can be present between the fiber and the boron nitride film [76] . To improve the mechanical properties, especially at high temperature, it is primordial either to protect the C-rich sublayers from the external atmosphere, or still better to prevent their development. In the first case, cracks that occur when the composite is submitted to significant stress must be deflected in the laminar structure of the interphase to prevent any oxygen diffusion from the external environment to this carbon-rich interface. This implies the formation of a strong interface bonding and an optimized organization of the BN interphase. Additionally, it is reasonable to think that an improvement of the BN lattice organization should lead to better mechanical properties in any conditions. Such an optimized microstructure can be searched by controlling the chemical vapor deposition process.
Various precursors have been used to deposit boron nitride, Iike borazine B3NjH6 [77] or Ptrichloroborazine B3N3H;Cl3 1781 but also mixtures of NH3 with diborane B2H6 [79] or with boron halides [SO-831. Since diborane requires much care in handling, halides as BF3 and BCI; are often preferred. Composites with good strength and toughness have been obtained with a BN interlayer, particularly when the deposition is carried out from BCl3-NH3-H2 mixtures at relatively high temperature, in conditions of forced flow through tows of small diameter, in conditions approaching the CVD process [84] . However the direct deposition within the fibrous preform is generally preferred. As shown previously, the ICVI process can be used, but it requires a lower deposition temperature to allow the deposition of sufficiently uniform layers on all fibers 1831. The most stable BF3-NH; mixture was used first at about 1000°C [Sl] , but this gaseous phase is corrosive especially for Si-C-(0) fibers such as NicalonTM [S 11.
A thorough study of the ICVI of BN was carried out more recently, in conditions that could be used in a large scale reactor, while utilizing the BC13-NH3-H2 mixture that is less corrosive than the fluoride-containing mixture [85] . However, its higher kinetics requires to use a lower temperature, in the 500-700°C range, to obtain a good infiltration [83, 85] . The variation of the nanostructure of BN coatings deposited by different chemical vapor processes was reported as a fbnction of various parameters including the process type (CVD or ICVI), the fiber nature and the processing parameters 1861. Some results on this study are reported here together with the final properties of the composite materials.
CVD and ICVI of boron nitride from BClrNH,-H2 mixtrnres
In order to gain some insight in the deposition conditions we report first the results of the influence of the total mass flow rate on the deposition rate obtained with both CVD and ICVI processes.
The deposition apparatus and procedure have been described in detail previously [83] . BN deposition was carried out simultaneously on a fibrous preform and on a bulk substrate to investigate both ICVI and CVD. One bulk substrate was composed of ten graphite rings mounted on a holder, in the flow direction. They allow to study the CVD process, especially the longitudina! thickness uniformity. The infiltration process (ICVI) was investigated by using 3D woven architecture ("Novoltex) made with 9 pm carbon fibers (ex-PAN treated b SEP) which led to a material with an average pore diameter of 45 pm 1 and a specific surface of 0.25 m /g. The fibrous preform (150x18~10 mm' ) consisted of 30 intermediate samples which allowed to characterize the deposit longitudinal and infiltration uniformities (LU is the longitudinal thickness uniformity, IU is the infiltration uniformity and TU is the total uniformity defined as TU = [LU x IU]). The results reported here were obtained with diffusion screens. They allow to create a pure diffusive volume around the porous preform that were separated from the convective flow. For the bulk substrate, U is the longitudinal uniformity calculated as the ratio between the relative weight increase at the bottom and at the top of the ten graphite rings after smoothing the curve that reports the relative weight gain of the ten substrates.
ZTyrannoTM : UBE Industries, Japan 3~ovoltex : SEP, France
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It must be noted that the relative weights of deposit measured on the bulk and the fibrous substrates are not directly comparable in terms of real deposition rates. It is obvious that the CVD rates are always higher than the ICVI ones. In our case, the total surface to be coated on and inside the preform is about 440 times more important than the surface of the bulk substrate. Figure 14 reports the variations of the relative weight gains of the preform and the bulk substrate as a fbnction of the total mass flow rate (T=700°C, P=10 Torr, NH;/BCl; = 1 and H21BC13 = 1). The ICVI deposition rate is always increasing while the CVD one tends to level off. Above flow rates of about 1.5 g/min, the deposition kinetics appears mainly controlled by the heterogeneous kinetics at the surface of the bulk substrate as shown either by the negligible influence of the total flow rate and by the very high value (98%) of the longitudinal uniformity ( figure 15 ). The influence of the mass flow rate on the CVD deposition rate can be therefore attributed to a transition in the process from a mass transfer plus chemical kinetics control to a pure chemical kinetics limitation. In the preform, the thickness uniformities stay nearly constant at quite high values, of about 70 % longitudinally and 80 % in infiltration, for flow rates greater than about 0.5 g/min. Below this flow rate, the reactants are used soon in the external and upper part of the preform and lower uniformities are obtained. From figures 14 and 15, clearly the ICVI process is always governed by a combination of mass transfer and chemical kinetics. As high flow rates lead to deposition conditions where the CVD process is only controlled by the surface kinetics the CVD mechanism can be studied and the deposition conditions in the ICVI process can be compared.
It has been first verified that argon had no influence on the chemical kinetics [86] . The nil order with respect to argon allowed then to maintain constant both the total flow rate and the total pressure (8 Torr) by addition of Ar, while the partial pressure of a species was changed to determine the apparent reaction order with respect to this species. In these conditions, the residence time of the gaseous phase within the reactor was kept constant and the variations of the diffusion conditions were restricted to the compositional effect. ~h e a~~a r e n t reaction order with respect to the gaseous product HCI was observed to be zero, according to a previous conclusion [85] . The influence of BC1; and MI; partial pressures are respectively illustrated in figures 16 and 17 for both the CVD and the ICVI processes. The experimental CVD results permitted to determine in either case two distinct domains. The apparent reaction orders are equal to 1 for the minor reactant species and zero for the major one that appears t o be preferentially adsorbed. Regarding the CVI process, the nil apparent influences with respect to HCI and Ar were also observed, but the deposition kinetic behaviors appear different as a fbnction of the reactant partial pressures. From figures 16 and 17, clearly the ICVI process is not purely chemical-rate limited in accordance to the previous conclusion from figures 14 and 15. The deposition rates per surface unit can be estimated from the total surface of the bulk and the porous substrates, and the relative values of the CVD and ICVI rates can be compared. For example, figure 18 shows that the ICVI rates get closer to the CVD one as the inlet NH3 concentration increases.
Finally, different behaviors of the CVD and ICVI processes are observed. The deposition conditions can be varied as a fbnction of either the processing parameters (inlet gas composition and total flow rate) or of the process type, CVD or ICVI. They produce variable relative rates of mass transfer and chemical kinetics and therefore different amounts of departure from equilibrium.
A detailed study of the influence of various CVD and ICVI conditions on the BN structure is reported elsewhere [86] . It is shown that the CVD conditions quite depart always from equilibrium at 700°C and, classically, the deposit is badly organized. The ICVI process is somewhat more complicated as a function of various departures from chemical reactions completion. The structure can be optimized at this moderate temperature of 700°C, in conditions where the ICVI process leads to a fairly good deposit uniformity [86] . 
Mechanical behavior of SiC/BN/SiC co1t7posites
The mechanical properties at room and high temperature are detailed elsewhere [87] . It can be shown here that the 2D SiC/BN/SiC composites manufactured by ICVI with treated NicalonTM fibers (proprietary treatment of the SEP) exhibit high tensile properties at room temperature ( fig. 20) that are similar to the properties of materials with a pyrocarbon interphase. Static fatigue testings in air at 600°C were carried out on materials with various BN thicknesses. Two specimens of each composite were tested using a constant applied load to determine the time to cause specimen fracture as a function of the applied stress. Figure 21 compares the minimum time to cause failure of the different materials to the results obtained on a classical composite with a pyrocarbon interphase (both samples of the composite made with a 0.2 pm BN interphase were not fractured after more than 310 hours at 150 MPa). This fatigue test confirms the better behavior of the SiC/BN/SiC in oxidative atmosphere. composites \\.it11 different interphase thicknesses.
Remarks on the interphase processi~~g
The mechanical properties can be a hnction of both the presence of interfacial sublayers and the interphase microstructure. Appropriate pretreatments or carefbl attention to the initial interaction between the fibers and the gaseous phase used for interphase deposition are necessary. In other respects, it has been shown that the ICVI or PCVI [68] processes can be used at moderate temperature while obtaining wellorganized deposits. The CVD processing of BN is generally carried out at a higher temperature than here, directly on tows 1841, such as good results might also be obtained.
More complex interphases derived from boron nitride are also considered to increase the oxidation and moisture resistance, like ternary solids [88] . However more evaluations of the final properties of the composites are still necessary. To elaborate such materials or compositional gradient layers or multilayers coatings, the advantages of ICVI would be obvious when compared to deposition by CVD on either stationary (in term of amount of fibers that could be coated) or moving tows (in term of processing complexity), also when it is compared to other infiltration processes as shown previously.
CONCLUSION
The potential large applications of ceramic composites require the preservation of their thermomechanical properties for long duration, in oxidative environments, under high temperature fatigue conditions and/or thermal cycling. This implies that the fibers and matrix properties, cracks deviation and load transfer at the fiber-matrix interface must be maintained. The oxidation resistance of non-oxide ceramic composites can be ameliorated by using protective external coatings, new matrices and interphases.
In most cases, the properties of each of these components are improved by associating different but complementary materials as multilayers or by using compositional gradient materials. The chemical vapor deposition processes are one of the most interesting way to elaborate such complex components. However all CVD and CVI techniques cannot be used, especially thermal gradient techniques, and the infiltration processes are limited to ICVI and eventually PCVI.
In spite of extensive works and notable progress, the oxidation resistance at the fiber-matrix interface remains insufficient. This is the critical problem to solve and researches on such interface property control are needed, especially by thermochemical treatment and deposition from the gaseous phase.
